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Abstract—In this paper, we investigate a multiple-input
multiple-output (MIMO) system with simultaneous information
detection (ID) and energy harvesting (EH) receiver. This point-
to-point system operates in the vicinity of active interfering
nodes. The receiver performs power splitting where a portion
of received signal undergoes analog energy harvesting circuitry.
Further, the information content of the other portion is extracted
after performing digital beamforming. In this MIMO system,
information carrier eigen-modes are not necessarily the eigen-
modes with the strongest energy level. Hence, it is beneficial to
perform independent beamforming at the receiver of MIMO-P2P
channel. Here, we utilize a hybrid analog/digital beamforming
for the purpose of simultaneous ID and EH in such scenarios.
This design, provides extra design degrees-of-freedom in eigen-
mode selection for ID and EH purposes independently. Worst-
case performance of this receiver structure is discussed. Finally,
its benefits are compared to the classical receiver structure and
the gains are highlighted.
I. INTRODUCTION
Wireless power transfer is regarded as one of the new
features future communication systems are expected to of-
fer [1]. This has to be provided simultaneous to the ever
increasing demand of information transfer [2]. Hence, opti-
mal transceiver design for simultaneous wireless information
and power transfer (SWIPT) is of crucial importance. In a
single-antenna receiver two approaches are common by now.
One approach is that the information of the received radio
frequency (RF) signal is extracted in a time instant, however
the energy is harvested in another time instant. Alternatively,
by power splitting a portion of received signal is conveyed
to the ID chain and the other portion passes to the energy
harvesting circuit [3]. In a simple manner, a rectifier converts
the energy of the incident RF signal to direct current (DC),
which in turn loads the energy buffer. This energy can thus
help the user stay in the network actively longer [4].
Now, in order to enhance the information transmission rate,
multiple antennas can be deployed at the transmitter and
receiver. This multiple-input multiple-output (MIMO) channel
has significantly higher capacity compared to the single-input
single-output channel [5]. Considering SWIPT, the authors
in [6] study MIMO broadcast systems, where the users either
demand information or energy. The authors in [7] investigate
multi-antenna power splitting receivers for maximizing the
achievable rate. In that paper, the authors apply power splitting
after constructive combining of the received signals from
the antennas in the analog domain. While in [8] a hybrid
beamforming structure for simultaneous ID and EH in a
single-input multiple-output P2P channel was proposed. In
this paper, we study the performance of simultaneous ID and
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Fig. 1. P2P-MIMO in the proximity of a multi-antenna transmitter. This
transmitter can be a BS serving cellular users, for instance.
EH in a MIMO communication system. We consider a point-
to-point (P2P) MIMO in the proximity of another multiple
antenna interference source. This interference source can be
for instance, a high power base station (BS) which serves
the users in a cell, or a WiFi node for in-home or short-
range applications. Two potential PS structures are depicted
in Fig. 2. As shown in Fig. 2(a) the power splitter first splits the
signal from each antenna separately which then proceeds with
the beamforming process. Therefore, the P2P receiver has the
degrees of freedom to perform independent digital and analog
beamforming for information detection and energy harvesting
purposes, respectively. However, in Fig. 2(b), the receiver first
combines the received signal from multiple antennas, then the
received signal undergoes power splitter for simultaneous ID
and EH. Since energy of an analog signal can be captured, the
signal combining is inevitably performed in analog domain.
Here, we consider a single analog chain for energy harvesting
purposes, however multiple digital processing chains are con-
sidered for information reception. Considering the PS structure
shown in Fig. 2(a), we analyze the system performance from
the achievable rate and harvested energy perspective for the
two following network architectures, 1) classical information
transfer and 2) simultaneous wireless information and power
transmission (SWIPT).
II. SYSTEM MODEL
Consider the deployment of a multiple-input multiple-output
point-to-point (MIMO-P2P) pair of nodes in a cellular down-
link with a multiple-antenna base station (BS) as depicted
in Fig. 1. The received signal at the P2P receiver equipped
with K antennas is given by
y = Hx+HBxB +w, (1)
where y ∈ CK is the complex-valued received signal vector.
The channel matrix from the transmitter of the P2P pair
and from the base station are represented by H ∈ CK×M
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Fig. 2. Simultaneous information detection (ID) and energy harvesting (EH) at a multi-antenna receiver by power splitting (PS). Digital and analog
beamformings are depicted by DB and AB, respectively.
and HB ∈ CK×N , respectively. Notice that, the number of
transmit antennas at the transmitter of the P2P channel is
denoted by M , and BS is equipped with N antennas. The
transmit signal from the P2P transmitter and from the BS to
the P2P receiver are denoted by x ∈ CM and xB ∈ CN ,
respectively. The receiver additive white Gaussian antenna
noise (AWGN) vector is denoted by w. Here, we assume
that, K ≤ min(M,N). This assumption limits the degrees-of-
freedom (DoF) by the number antennas at the receiver. Here,
DoF is defined as the number of interference-free parallel data
streams between the transmitter and the receiver.
The receiver is capable of simultaneous information detection
(ID) and energy harvesting (EH) by power splitting (PS).
Here, we adopt the hybrid beamforming structure of Fig. 2(a)
which allows, a) the freedom of utilizing MIMO multiplexing
gain which is beneficial from achievable rate perspective,
b) independent analog beamforming which is beneficial for
energy harvesting. The information symbols at the P2P user
and BS are linearly precoded to obtain the transmit signal as
xB =
N∑
n=1
vBndBn = VBdB, (2)
x =
M∑
m=1
vmdm = Vd, (3)
respectively. Notice that vBn is the beamforming vector ded-
icated to the nth single-antenna cellular user. Furthermore,
M corresponds to the number of transmit chains at P2P
transmitter. At the energy harvesting-capable (EHC) receiver,
power splitting is performed first. Let
√
ψk portion of the
signal captured by the kth received antenna undergoes ID
chain and
√
1− ψk portion passes to the EH circuit. Then,
the signal after digital beamforming is formulated by
zID = U
HΨy +UHn, (4)
where U is the beamforming matrix at the P2P receiver and
Ψ = diag
[√
ψ1, ...,
√
ψK
]
. Notice that, n is the aggregate
noise of the ID process which is modeled as AWGN, i.e.,
n ∼ CN (0, σ2nI). The signal after analog beamforming is
given by zEH = q
HΘy, where q is the analog beamfoming
vector. Moreover, Θ = diag
[√
1− ψ1, ...,
√
1− ψK
]
. Now,
the channel input-output relationship is given by
zID =U
HΨ (HVd+HBVBdB +w) +U
Hn, (5)
zEH =q
HΘ (HVd+HBVBdB +w) . (6)
In what follows, we analyze the two cases, namely information
only transmission, and SWIPT in details.
III. CLASSICAL INFORMATION TRANSFER
In this section, we analyze the performance of the joint
ID and EH receiver, where the transmitters employ classical
information transfer.
A. Information Detection
We define equivalent channels Hˆ = ΨH and HˆB = ΨHB.
Furthermore, we perform singular value decomposition (SVD),
Hˆ = LˆΛˆRˆH . Then, we can reformulate equation (5) as
zID =U
H
(
LˆΛˆRˆHVd+ HˆBVBdB + wˆ + n
)
, (7)
where wˆ = Ψw. In this section, we consider the availability
of global channel state information, and local channel state
information at the MIMO-P2P. For the general analysis, we
proceed with the assumption that the global CSI is available
at the transmitter and receiver sides of the P2P pair. Worst-
case analysis is presented when only local CSI is available
at the P2P pair. This analysis is only studied for comparison
purpose.
1) Global CSI: Having the global channel knowledge and
by treating the incident interference as noise (TIN) at the
receiver, the achievable rate is given by [5]
rG-csi (Q) = log det
(
I+ HˆHS−1HˆQ
)
, (8)
where S = HˆBQBHˆ
H
B +Σwˆ +Σn. The transmit covariance
matrices of the P2P transmitter and BS are represented by
Q = VHE{ddH}V and QB = VHB E{dBdHB }VB, re-
spectively. Moreover, the equivalent antenna and processing
noise covariance matrices are denoted by Σwˆ = σ
2
wΨ
2 and
Σn = σ
2
nI, respectively. Notice that, for any given QB and
Ψ, the achievable rate is a function of Q, which is maxi-
mized by Q = G
(
ηI−M−1)+GH , where HˆHS−1Hˆ =
GMGH , [9]. Furthermore, the optimal power allocation is
obtained by water-filling, so that the water lever η is adjusted
to satisfy the power constraint, i.e., Tr
(
ηI−M−1) = P .
2) Local CSI: Here, we study the optimal transceiver
design with the local CSI available at the P2P pair for ID
purpose. This is realized by transmit and receive beamforming
in the direction of the left and right singular-value matrices of
Hˆ. That means, U = Lˆ and V = Rˆ. Therefore, we obtain,
zID =Λˆd+U
H
(
HˆBVBdB + wˆ
)
+UHn. (9)
Now, given U, V and considering that the BS resources
(power and antenna dimensions) are not devoted to help
P2P pair, we obtain zID = Λˆd + ΓdB + w¯ + n¯, where
Γ = UHHˆBVB, w¯ = U
Hwˆ and n¯ = UHn. Now the
achievable information rate over the P2P channel with the
imposed interference from the BS can be formulated as
rL-csi = log det
(
I+ S¯−1ΛˆDΛˆ
H
)
, (10)
where S¯ = ΓDBΓ
H + Σw¯ + Σn¯. Notice that, the incident
interference is treated as noise (TIN). Moreover, the matrices
D = E{ddH} and DB = E{dBdHB } correspond to the
covariance matrices of the information symbols at the P2P
transmitter and BS, respectively.
Worst-case interference: Let LˆBΛˆBRˆ
H
B be the SVD of HˆB.
Then, the left singular-value matrix of the worst-case channel
matrix from the BS to the P2P receiver, i.e., LˆB, and the worst-
case transmit beamforming matrix at the BS, i.e., VˆB, have
the following properties [10],
LˆB = U = Lˆ, VB = RˆB. (11)
Then, the worst-case achievable rate can be written as
rwc = log det
(
I+
(
ΛˆBDBΛˆ
H
B +Σw¯ +Σn¯
)−1
ΛˆDΛˆ
H
)
=
K∑
k=1
log
(
1 +
λˆ2kpk
λˆ2BkpBk + ψkσ
2
wk
+ σ2nk
)
, (12)
where λˆk, λˆBk , pk and pBk are the kth diagonal elements of
Λˆ, ΛˆB, D and DB, respectively. The achievable rate in (10)
is a function of the power allocation at the BS, i.e. pBk , and
P2P transmitter, i.e. pk, ∀k. Therefore, the power allocation
problem needs to be considered for the worst-case achievable
rate. We formulate the problem as
max
p
min
pB
rwc s.t.
K∑
k=1
pk ≤ P,
K∑
k=1
pBk ≤ PB, (13)
where P and PB are the transmit power budget at the P2P
transmitter and BS, respectively. Moreover, p = [p1, ..., pK ]
and pB = [pB1 , ..., pBK ]. Notice that, the optimal power
allocation at the P2P transmitter should correspond to the
worst power allocation at the BS. Interestingly, the function
rwc is concave in the optimization parameter vector p and
convex in pB, moreover the constraint set is convex. This way
the max-min optimization problem (13) can be reformulated
as a min-max optimization problem given by [11]
min
pB
max
p
rwc s.t.
K∑
k=1
pk ≤ P,
K∑
k=1
pBk ≤ PB, (14)
This satisfies the saddle-point property as well. Evidently,
given the worst-case power allocation a the base station p⋆B the
optimal power allocation at the P2P transmitter is achieved by
waterfilling with
p⋆k =
(
η − λˆ
2
Bk
p⋆Bk + ψkσ
2
wk
+ σ2nk
λˆ2k
)+
, ∀k, (15)
where the water level η needs to be adjusted to fulfill the
power constraint P . Now, given the optimal power allocation
at the P2P transmitter, the function rwc is convex in pB. Hence,
the dual problem provides the optimal solution of the primal
problem. Assuming the optimal p⋆ from (15), the Lagrangian
of the minimization problem w.r.t. pB is given by
L(pB, µ) =
K∑
k=1
log
(
1 +
αk
λˆ2BkpBk + βk
)
+
µ(
K∑
k=1
pBk − PB) +
K∑
k=1
τkpBk , (16)
in which αk = λˆ
2
kp
⋆
k and βk = ψkσ
2
wk
+ σ2nk . Since, the
optimization problem is convex w.r.t. pB, the necessary and
sufficient Karush-Kuhn-Tucker (KKT) conditions hold. This
results in
∂L(pB, µ)
pBk
=
−αkλˆ2Bk(
λˆ2BkpBk + βk
)(
λˆ2BkpBk + βk + αk
) + µ = 0.
(17)
From this equation, the worst-case power allocation at the base
station is given at the bottom of the page in (18), in which the
Lagrangian multiplier µ is set, such that
∑K
k=1 p
⋆
Bk
= PB.
B. RF Energy Harvesting
As can be seen from (6), the amount of harvested energy is
strongly dependent on the direction of analog steering vector
q. Hence, in order to maximize the harvested RF energy from
the incident received signal, the steering vector q needs to be
optimized. We define the received RF signal covariance matrix
after power splitting by CRF = C+CB + W˜, where
C = ΘHVDVHHHΘT , (19)
CB = ΘHBVBDBV
H
B H
H
B Θ
T , (20)
W˜ = σ2wΘ
2. (21)
p⋆Bk =
1
λˆ2Bk


√√√√(βk + αk
2
)2
+
(
αkλˆ2Bk
µ
− β2k − αkβk
)
−
(
βk +
αk
2
)2 , ∀k (18)
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Fig. 3. Achievable rate comparison at the MIMO-P2P with the energy harvesting-capable receiver assuming classical information transfer.
Notice that, V = Rˆ, and D = E{ddH}. Now, let the
eigenvalue decomposition of C and CB be, C = L˜Λ˜L˜
H and
CB = L˜BΛ˜BL˜
H
B . Then, the post-processed RF signal power
is given by
E{zHEHzEH} =qH
(
L˜Λ˜L˜H + L˜BΛ˜BL˜
H
B + W˜
)
q, (22)
where the optimal steering vector q corresponds to the direc-
tion of the maximum eigenvalue of all channels. By defining
Λ˜Bi and Λ˜j as the ith and jth diagonal elements of Λ˜B and
Λ˜, respectively, we assume that
Λ˜B1 ≥ Λ˜Bi ∀i ∈
{
2, ...,min(M,N)
}
(23)
Λ˜B1 ≥ Λ˜j , ∀j ∈
{
1, ..., N
}
. (24)
Intuitively, this happens when a cellular user in the vicinity of
P2P receiver obtains a strong signal from the BS. This way,
qH L˜B = [1, 0, ..., 0]. Therefore, the amount of the harvested
energy is
E{zHEHzEH} = λ˜B1 + qH
(
C+ σ2wΘ
2
)
q, (25)
where λ˜B1 is the first diagonal element of Λ˜B. In the next
section, we consider the case, where the transmitters help the
receiver not only with the information demands, but also with
the energy demands.
IV. SIMULTANEOUS INFORMATION AND POWER
TRANSFER (SWIPT)
Here, we assume that the receiver has perfect knowledge
of the energy signal. Thus, by interference cancellation, the
energy signal can be completely removed at the information
detection chain [2]. Hence, the achievable information rate
does not deteriorate by the imposed interference from the
energy signal. The transmit signal from the P2P transmitter
and BS are given by x = VIndIn + VEndEn and xB =
VInBd
In
B+V
En
B d
En
B . Now, having d
En and dEnB at the P2P receiver,
the achievable information rate is given by
r (Q,QB) = I(zID;x|dEn,dEnB ) = log
(
I+ HˆH S˜−1HˆQ
)
.
Notice that, in order to maximize the achievable information
rate, all signal power at the P2P transmitter needs to be
allocated to the information signal. Furthermore, having the
energy signals available at the P2P receiver, the energy signal
transmission by the BS does not effect the achievable rate,
hence all transmit power at the BS needs to be allocated to
the energy signal. After interference cancellation, the over-
all noise covariance matrix is S˜ = Σwˆ + Σn. Assuming
diag(Λ˜B) ≻w diag(Λ˜), rate-energy optimal transmit signals
are essentially x = VIndIn and xB = V
En
B d
En
B .
The optimality of this transmission can be intuitively jus-
tified. Maximum information rate can be achieved by allo-
cating all transmit power and zero transmit power to the
information signal at the P2P transmitter and BS, respectively.
However, the harvested energy can be maximized with the
maximum power allocation to the energy signal at the BS.
This way, the optimal transmit covariance matrix at the P2P
transmitter is Q = E
(
βI−N−1)+EH where the eigenvalue
decomposition of HˆH S˜−1Hˆ = ENEH . Furthermore, β is
the water level, which fulfills the power constraint at the P2P
transmitter. The transmit covariance matrix of the optimal
energy transmission from the BS is QB = PBeBe
H
B , where
eB = max-eig
(
ΘHBH
H
B Θ
T
)
. Notice that, the operator
max-eig denotes the eigenvector corresponding to the maxi-
mum eigenvalue of the input argument.
V. NUMERICAL RESULTS
In this section, we present the numerical results for the
discussed network structures: 1) classical information trans-
fer, 2) Simultaneous wireless information and power transfer
(SWIPT). In our simulations, we assumed that the antenna
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Fig. 4. Comparison between the harvested energy of the two receiver structures with both classical information transfer and SWIPT.
noise and digital processing noise variances are equal to 1,
i.e., σ2w = σ
2
n = 1. The BS is equipped with 5 antennas,
N = 5. Moreover, the P2P transmitter and receiver each
has 3 antennas, K = 3. The non-zero singular values of the
channel from the BS to the P2P transmitter are [0.8, 0.7, 0.5].
Furthermore, the eigenvalues of the channel from the P2P
transmitter to its receiver are [0.9, 0.8, 0.7]. Fig. 3(a) depicts
the achievable information rate as a function of transmit power
ratio at the BS and P2P transmitter. We assumed that the
BS serves the cellular users, which are distributed in the cell
randomly. Hence, by random beamforming at the BS, we
obtain the average rate of the P2P communication. As can
be seen from Fig. 3(a), by increasing power ratio (PB/P ), the
gap between the worst-case and average achievable rates for
ψk = 0.3, ∀k, ψk = 0.6, ∀k and ψk = 0.9, ∀k decreases.
This is due to the fact that, by PB/P ≫ 1, the system operates
in an interference-limited regime. In this regime, the distortion
caused by the processing noise n, is negligible compared
to the distortion from the interference signal. Moreover, the
comparison between receiver structure presented in Fig. 2
is shown in Fig. 3(b). Notice that, the transmitters perform
classical information transfer and simultaneous ID and EH
is performed at the multi-antenna receiver. We observe that,
by utilizing receiver structure in Fig. 2(a), the achievable
rate in the MIMO-P2P channel can be significantly enhanced.
This is due to its capability in providing multi-streaming.
The comparison in the harvested energy utilizing the two
studied receiver structures is illustrated in Fig. 4(a). We
observe that, at a particular interference regime, the classical
receiver structure performs better from the harvested energy
perspective. In the receiver structure in Fig. 2(b), due to single
analog beamforming capability at the P2P receiver, the optimal
information transmission is in the eigen-direction correspond-
ing with the dominant eigen-value of the MIMO-P2P channel.
Hence, the transmit energy is not distributed in multiple eigen-
directions. Therefore, by single analog beamforming chain at
the P2P receiver, higher amount of energy can be harvested.
However, at high interference regime, the energy carried by
interference eigen-direction becomes dominant and receiver
structure Fig. 2(a) performs better. As shown in Fig. 4(b),
by SWIPT at the transmitters, the harvested energy of the
receiver structure in Fig. 2(a) performs significantly better that
the structure in Fig. 2(b), which is due to its capability in
independent beamforming for ID and EH purposes.
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